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Abstract 
Gas turbine blades are subjected to very high levels of stress and temperature during each engine operating cycle. 
Superimposed upon this quasy-steady state condition, blades also endure vibrational stresses induced by local 
perturbations. When characterizing advanced manufacturing candidate materials, conventional fatigue tests (low 
cycle and high cycle fatigue standard tests independently) fail to represent the complex set of stresses generated in 
gas turbine blades.  
Combined cycle fatigue (CCF) laboratory tests comprising LCF and HCF at service high temperatures have been 
completed on a titanium alloy used in intermediate pressure and high pressure compressor rotor and stator 
components. The aim of the study was to determine the influence of the combined damage mechanisms on the 
expected fatigue strength of gas turbine components. Standard test rigs have been modified in order to achieve this 
new and severe testing scenario. 
The effect CCF stresses was evaluated at a testing temperature of 350ºC. Results showed that the effect of 
superimposing LCF to HCF should be considered in blade design, especially at fillet radius. 
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1. Introduction 
Gas turbine blades are subjected to very high levels of stress and temperature during each engine 
operating cycle. Superimposed upon this quasi-steady state condition blades also endure vibrational 
stresses induced by local perturbations in gas pressure through which they travel. Modern gas turbines 
blades are designed to withstand the stresses generated by a resonant condition. However, it is important 
to ensure that the blade integrity and life remain acceptable not only under HCF influence but also when it 
is superimposed onto other damage mechanisms such as LCF and creep that are inevitable in the gas 
turbine environment. This superposition of HCF with other damage mechanisms is generically termed 
Combined Cycle Fatigue.  
Traditional HCF test rigs fail to represent the complex set of stresses generated in gas turbine blades. In 
fact, traditional HCF tests are uniaxial machines, applying both the steady and alternating loads along the 
major axis of the specimen (frequencies typically less than 25Hz). One of the PREMECCY project 
objectives is to obtain results of specially designed test that reproduce the reality of gas turbine rotor blade 
resonance, where alternating loads are typically generated by a flap mode-shape resonance (frequencies  
of 100Hz- 10kHz), superimposed to a steady axial load and occurring at high temperatures. [1]  
As a part of the PREMECCY project, the present work shows results of CCF testing on Ti6242. 
Special testing characteristics are: blade-like geometry of specimens, high temperature, resonant 
frequencies of HCF, and perpendicular superposition of LCF to HCF. The objective of this work is to 
determine the effect of CCF as compared to HCF alone with independence to creep (low testing periods).  
 
Nomenclature 
 
HCF, LCF, CCF  High Cycle Fatigue, Low Cycle Fatigue, Combined Cycle Fatigue 
R   Stress ratio of a cycle (Vmin/Vmax) 
IP, HP   Intermediate Pressure, High Pressure 
CV    Coefficient of variation (CV= standard deviation*100/mean value [%]) 
 
2. Materials and specimens 
Titanium 6.2.4.2 (Ti6242) is a high temperature wrought titanium alloy typically used in IP and HP 
compressor rotor and stator components. Table 1 establishes the composition of all the material batches 
used for specimen production. 
Table 1. Composition of Ti6242   
 Al Mo Zr Sn Fe O C N H Si 
Ti 6242 5.5-6.5 1.8-2.2 3.5-4.5 1.8-2.2 0.25 
max.  
0.15 
max. 
0.08 
max. 
0.05 
max. 
0.0125 
max. 
0.1 max 
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Type 1A
Type 1B
a) b)
The material follows a solution treatment at a temperature 15-30ºC below beta transus for 1 hour, air 
cool and precipitation treatment at 595ºC for 8 hours.  Specimens are machined from bars.  
Table 1. Tensile properties of Ti6242 (Data courtesy of Volvo Aero Corp.)  
 Young´s 
Modulus (GPa) 
Yield strength 
(offset=0.2%) (MPa) 
Tensile strength 
(MPa) 
Elongation 
5D (%) 
Ti 6242 94.5 682 915 15.25 
PREMECCY project aims to provide specimens representative of the stress state of blades. Therefore, 
a special effort was given in the design of specimens.  In this work two type of specimens are studied, 
fig.1.  These specimens aim to investigate the positions of the aerofoil where stresses are magnified under 
a bending mode, fig. 1. Type 1A geometry is representative of a position at the middle of the chord on the 
fillet radius. A “lump” mass is added at the middle of 1A geometry to facilitate excitation at the desired 
vibration mode and to produce a notch effect representative of the fillet radius of the blade. Type 1B is 
representative of a position at the leading edge.   
 
 
 
 
 
Fig. 1. (a) FE analysis showing stresses on a blade under a bending mode; (b) Geometry type 1A and geometry type 1B   
3. Experimental procedure*
3.1. Test rigs and test description 
Standard test rigs have been modified to reproduce the complex set of stresses generated in gas turbine 
blades. Three test rigs, located in Tecnalia R&I, Snecma and Turbomeca, were developed in coordination 
to present the following capabilities: 
x Loading in the axial direction of the specimen: reproducing LCF cycles withstood by blades. Fig 2a 
x Vibration perpendicular to the specimen axis at its resonant frequency (>1000Hz) with displacement 
control: reproducing HCF cycles withstood by blades. Fig 2a 
 
Two types of tests are carried out: CCF tests and, so called, “HCF tests”. The loading regime is:  
x Introduction of a controlled axial load  
x Introduction of a specimen’s resonant vibration perpendicularly to the axial load: 
ż For CCF tests: until attainment of 5748 HCF cycles (HCF/LCF ratio of 5748) 
ż For HCF tests: until rupture or attainment of 107 HCF cycles (typical HCF fatigue limit) 
x Controlled withdrawal of axial load.   
For CCF testing, this “LCF cycle” is repeated until rupture or attainment of 107 HCF cycles 
(corresponding to a1740LCF cycles), as shown on fig 2b. 
 
** Note that due to contractual reasons all data has been normalized or in other ways has been made unreadable in absolute terms. 
However, scales are maintained constant between similar graphs or tables to enable comparison.
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Fig. 2. (a) Scheme of load application; (b) Loading regime for CCF test 
3.2. Test planning 
A variant of the staircase method is used for test planning. When using a staircase method, specimens 
are tested sequentially under increasing stresses until a failure occurs. If a failure occurs, the testing stress 
is decreased by a step. Therefore, each test stresses are determined according to the results of the previous 
test. Fig 3 and 4 show not only the test results but also this special test planning. This variant of the 
method allows approximating the initial stress by subsequent tests on the same specimen. [2], [3]  
Test temperature for all tests is set at 350ºC. Other testing parameters are shown on table 2. 
 Table 2. Test planning and parameters 
Geometry type R CCF Number of specimens HCF Number of specimens 
1A 0.8 11 12 
1A 0.6 12 12 
1B 0.8 11 11 
1B 0.6 11 9 
4.  Results 
Test rig enables to control parameters such as axial load and perpendicular displacement applied at the 
resonant frequency of the specimen. To analyze the results it is necessary to transform those parameters 
(load and displacement) into stresses endured by the specimen. Due to complex geometry, it is necessary 
to resort to finite elements to enable this calculation. Good correlation between FE peak elasto-plastic 
stresses and reality is guarantied by previous calibrations and verifications (dynamic verification, static 
alignment verification and thermal calibration). Fig. 3 and 4 show experimental results in a staircase.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. (a) Peak elastoplastic stresses for geometry 1A, R=0.8, 350ºC; (b) Peak elastopastic stresses for geometry 1A, R=0.6, 350ºC.  
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Initiation of the fracture was generally due to a fatigue mechanism, placed close to the fillet radius for 
1A specimens and at the center of the specimen for geometry 1B.  Overload fractures occurred for HCF 
R=0.8 (fig. 3a and fig. 4a).   
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. (a) Peak elastopastic stresses for geometry 1B, R=0.8, 350ºC; (b) Peak elastoplastic stresses for geometry 1B, R=0.6, 350ºC.  
To calculate the fatigue strength of each batch for constant life of 107 HCF cycles, each set of results is 
analysed using two techniques:  
x Dixon-Mood is the traditional method for interpreting test results arranged in a staircase. It is based on 
simple equations and does not require programming.  
x Maximum likelihood method aims to adjust a stress fracture probability curve given (with a given p-V) 
to the actual events occurring during testing. This method starts from a normal distribution (or other 
distribution desired) with an assigned mean and deviation and calculates the probability of the event 
that actually happened. Subsequently, modifies the values of mean and deviation so that the probability 
of the actual results is maximized. This calculation needs of iteration and therefore of simple 
programming in Excel or other. [2], [3] 
 Both techniques yielded in similar results.  
 
Maximum likelihood results with their standard deviation are displayed in a “Range-Mean” diagram 
for a constant life of 107 HCF cycles, fig. 5.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. (a) Geometry type 1A CCF and HCF test results 350ºC; (b) Geometry type 1B CCF and HCF test results 350ºC. 
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5. Discussion
CCF effect 
Fig. 5 enables a good understanding of the effect of the superposition of LCF to HCF. It is visible that 
CCF specimens had a premature fracture in comparison with HCF specimens, table 3. This effect is more 
visible for geometry 1A, where its type I error is neglible. This suggests that LCF cycles are providing a 
significant contribution to the total fatigue damage. 
Table 3. Fatigue strength reduction due to LCF superposition to HCF (1A and 1B). Risk of type I error shows the probability that 
the CCF effect observed does not exist, the risk of a “false positive”. CCF results have been extrapolated to HCF stress ratio, R. 
  Ra0.8  Ra0.6 
  Type 1A 
(R=0.76) 
Type 1B 
(R=0.77) 
 Type 1A 
(R=0.65) 
Type 1B 
(R=0.60) 
CCF Effect  (LCF superposition to HCF)  [%] -10.3 -4.6  -10.8 -8.6 
Coefficient of Variation (CV) of  measure [%] 2.4 10.2  6.4 17.4 
Risk of type I error (t-Student test)  [%] 0 14  0 12 
 
Geometry effect  
Results for type 1A and type 1B, as peak elasto-plastic stresses, show differences due to a geometry 
effect that will be further analyzed in future works.  
6. Conclusions 
CCF test reproducing the complex set of stresses generated in gas turbine blades (axial load, vibration 
bending, high temperature, complex geometry) were carried out revealing that:  
1. The effect of superimposing LCF to HCF should be considered in blade design, especially at fillet 
radius. 
2. The effect of HCF at high R ratios (0.8) is negligible (yielding in overload fractures). 
3. Geometry effects are remarked and will be further studied in future works. 
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